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ABSTRACT. 

Sixteen  unreinfnrced,  cylindrical  concrete  hull  models  of  16-inch 
outside  diameter  were  subjected  to  external  hydrostatic  loading  to  deter¬ 
mine  the  effect  of  concrete  strength  and  wall  thickness  on  implosion  and 
strain  behavior.  The  test  results  showed  that  an  increase  in  concrete  strength 
of  70%  produced  an  average  increase  in  implosion  pressure  of  37%,  while 
increases  in  hull  wall  thickness  by  factors  of  2  and  6  produced  increases  in 
implosion  pressure  by  factors  of  approximately  2  and  1 1 .  respectively. 
Changes  in  concrete  strength  had  little  effect  on  strain  behavior;  however, 
strain  magnitudes  generally  increased  with  increasing  wall  thickness  when 
comparisons  were  made  at  a  constant  percentage  of  Plm .  Design  recom¬ 
mendations  are  presented  to  aid  in  the  design  of  cylindrical  concrete  hulls 
for  underwater  use. 
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Sixteen  unreinforced,  cylindrical  concrete  hull  models  of  16-inch  outside  diameter  were 
subjected  to  external  hydrostatic  loading  to  determine  the  effect  of  concrete  strength  and  wall 
thickness  on  implosion  and  strain  behavior.  The  test  results  showed  that  an  increase  in  concrote 
strength  of  70%  produced  an  average  increase  in  implosion  pressure  of  87%,  while  increases  in  hull 
wall  thickness  by  factors  of  2  and  6  produced  increases  in  implosion  pressure  by  factors  of  approxi¬ 
mately  2  and  11,  respectively.  Chenges  in  concrete  strength  had  little  effect  on  strain  behavior; 
however,  strain  magnitudes  generally  increased  with  incruasing  wall  thickness  when  comparisons 
wero  made  at  a  constant  percentage  of  Pjm.  Design  recommendations  are  presented  to  aid  in  the 
design  of  cylindrical  concrete  hulls  for  underwater  use. 
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INTRODUCTION 


Previous  studies1'8  conducted  at  the  Naval  Civ1!  Engineering 
Laboratory  (NCEL)  have  shown  that  concrete  is  an  effective  construction 
material  for  undersea  pressure-resistant  structures.  Experiments  on  concrete 
cylindrical  hulls5,7  with  16-inch  outside  diameters,  2-inch-thick  walls,  and 
8-  to  128-inch  lengths  have  established  the  influence  of  the  length-to-outside- 
diameter,  L/D0,  ratio  and  the  end-closure  stiffness  on  implosion  pressure, 
strain  magnitude,  and  strain  distribution.  Figure  1  shows  that  the  thick  wall 
theory  based  on  Lame's  equation  conservatively  predicts  implosion  pressure 
for  cylindrical  concrete  hulls  with  a  wall-thickness-to-outside-diameter,  t/De, 
ratio  of  0.125  and  L/D0  ratios  from  0  to  8.  The  strain  and  implosion  data 
for  these  hulls  indicate  that  the  effects  of  hemispherical  concrete  end-closures 
are  minimal  at  a  distanced  1  diameter  from  the  edge  of  the  cylinder,  and, 
thus,  cylinders  with  L/D0  ratios  greater  than  2  can  be  considered  to  be  infi¬ 
nitely  long.  Variations  in  end-closure  stiffness  did  not  cause  a  reduction  in 
the  implosion  pressure  of  cylindrical  concrete  hulls  below  values  predicted 
by  Lame's  equation;  however,  rigid  end-closures  produced  high  shear  strains 
near  the  closure  which  would  be  undesirable  for  structure*  subjected  to  long¬ 
term  submergence. 

The  objective  of  this  study  was  to  determine  experimentally  the 
relationship  between  implosion  pressure,  concrete  strength,  wall  thickness, 
strain  distribution,  and  strain  magnitude  in  cylindrical  concrete  hulls  subjected 
to  external  hydrostatic  loading. 

Data  from  this  experimental  study  were  used  to  develop  design 
guidelines  so  that  safe  and  economical  pressure-resistant  cylindrical  concrete 
structures  can  be  designed  for  underwater  applications. 


EXPERIMENTAL  PROGRAM 
Experiment  Design 

Sixteen  concrete  cylindrical  hulls  having  lour  different  wall 
thicknesses  and  two  concrete  strengths  were  tested  to  implosion  under 
short-term  hydrostatic  loading.  The  hulls  had  wall  thicknesses  of  1/2,  1, 
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mpic^ior*.  Pres&jre/UriiaxiaJ  Compressive  Strength.  P, 


2,  and  3  inches  (figure  2)  winch  correspond  to  t/0o  ratios  of  0.0312,  0.0625, 
0.1250,  and  0.15/5  All  cylindeis  were  16  inches  in  outside  diameter  and  64 
inches  long,  each  had  hemispherical  concrete  end -closures  of  the  same  wall 
thickness  us  the  cylinder .  Two  hulls  of  each  wall  thickness  were  made  of  con 
Crete  with  a  uniaxial  compressive  strength  ,  fj,  o!  approximately  6,000  psi 
and  two  ol  approximately  10,000  psi.  One  hull  of  each  concrete  strength 
and  wall  thickness  was  instrumented  with  electrical  resistance  strain  gages. 

A  summary  ol  the  design  information  for  the  cylindrical  hr  is  is  given  in 
Table  1 . 


Fabrication  of  Specimens 

All  cylinders  and  hemispherical  end-closures  were  cast  in  rigid  metal 
molds  which  had  been  machined  to  tolerances  of  *1/32  inch.  The  cylinders 
and  end-clcsures  were  made  from  a  microconcreie  mi:-:  consisting  of  type  II 
Portland  cement.  San  Gabriel  River  Wash  Aggregate,  and  freshwater.  Con¬ 
crete  strengths  of  approximately  6,000  and  10,000  psi  were  produced  by 
varying  the  ’.vatei-tc-cement  ratio  and  the  cure  procedure.  Table  2  gives  the 
mi*  proportions  and  cure  limes,  and  Table  3  gives  the  aggregate  proportions 
which  temained  the  same  for  both  mixes. 
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Figure  2.  Cylindrical  test  specimens  with  wall  thicknesses  ranging  from  1/2  inch  to 
3  inches. 


After  moist  curing,  the  cylinders  and  end-closures  were  stored  under 
room  conditions  while  being  prepared  for  test.  Hull  preparation  began  with 
a  light  sandblasting  of  surfaces  to  expose  surface  voids  and  to  remove  laitance. 
Small,  shallow  voids  were  filled  with  a  cement-sand  paste,  while  larger  voids 
were  filled  with  an  epoxy  adhesive.  The  mating  surfaces  of  the  cylinders  and 
end-closures  were  ground  flat  by  rotating  them  on  a  flat  plate  covered  with 
No.  60  Silicon  Carbide  grit.  Next  the  cylinders  and  hemispheres  were  water¬ 
proofed  with  a  clear  epoxy  paint  and  bonded  together  with  an  epoxy  adhesive. 
The  final  step  in  the  specimen  fabrication  was  to  apply  electrical  resistance 
strain  gages.  Figure  3  shows  a  cross  section  of  a  fabricated  cylindrical  hull, 
and  Figure  4  shows  the  strain  gage  layout  for  the  hulls. 

Test  Procedure 

Tire  cylindrical  hulls  were  tested  in  NCEL's  72-mch  pressure  vessel 
(Figure  5T  The  hulls  were  filled  with  water  and  vented  *n  outside  the  pressure 
vessel.  During  a  typical  test,  externa!  pressure  was  apph-d  to-  the  hull  at  a 
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constant  rata  until  implosion  occurred.  The  p'essuruation  rate  was  20 
psi/mm  for  the  1/2-inch-lhick  hulls  and  100  pst/mm  lor  the  1  ,  and  3-inch 
thick  hulls.  At  selected  pressure  inleivals,  the  strain  gages  were  interrogated 
and  the  change  in  vo'irme  of  die  specimen  was  recorded.  Change  m  volume 
was  measured  by  collecting  tfie  water  displaced  under  load  horn  the  hull's 
interior. 


fahlo  t.  Description  of  Cylindrical  Hulls 


{AH  cylinders  were  64  inches  long  a rtd  16  inches  in  outside  (JumtiUr.) 


Cylinder 
Design**  ti  Of  Y* 

t/D0 

Ratio 

Willi 

Nomuiul  Uniaxial 

Stral’i 

Thickness 

(in.l 

Compressive  Strength 
of  Concielo  (psi) 

Gages  un 
Hjtlf' 

U7  IOC 

10,000 

1  to  34 

I/2-10N 

0.03 1 2 

0.5 

10.000 

0 

1/2  60 

6,000 

1  to  14 

1/2-6N 

6,000 

_° 

MIM» 

10.000 

1  to  34 

MON 

0.0625 

1.0 

10,000 

0 

1  to  14 

S*$*G 

6,000 

1-6-N 

c.ooo 

0 

2  10  G 

10.000 

1  to  34 

2- ION 

0.1200 

2  0 

10.000 

0 

2-6-G 

6.000 

1  to  14 

2  6-M 

6.000 

0 

3I0G 

iQ.ooo 

■ 

3-10  N 

0.1H75 

3.0 

10.000 

1 

6.0C0 

6.000 

|| 

4  Designation  system  is.  Wall  thickness  (inches)  --Nomitwl  concrete  strength  (ksi) — 
Gaged  or  Not  gaged  hull. 

^  Sot*  Figure  4  for  location  of  gages. 


Tabu*  2.  Mix  Proportions  and  Cun;  Times 


Approximate  Uniaxial 
Compressive  Strength 
of  Mix  (psi) 

WateMo-Ccmont 
(by  weight)  Ratio 

Aggregate-to  Cement 
(by  weight)  Ratio 

Cure  Time  in 
100%  RH  (days) 

Approximate 
Age  at  Test 
(days) 

10.000 

0.50 

3.30 

90 

120 

fi.000 


om 


3.30 


28 


Figure  3.  Cross-section  of  cylindrical  hull  with  hemispherical  end-closures. 


Gags  type:  BLHSH-4, A-6 


80° 


Cylinder  Unfolded  (o  Show  Strain  Gage  Layout 


midlength 
of  hull 


■  bottom  hemisphere 
cylinder  joint 


Figure  4.  Strain  gage  layout  tor  the  cylindrical  hulls. 


Table  3.  Aggregate  Proportions 


Sieve  Si/e  Designation 

Percen’  l-'.otamed 

Passing 

Retained 

No.  4 

No.  8 

29.6 

No.  8 

No.  16 

20.8 

No.  16 

No.  30 

14.7 

No.  30 

No.  50 

10.3 

No.  60 

No.  100 

7.3 

No.  tOO 

_ 

pan 

17.3 

6 


TEST  RESULTS  AND  DISCUSSION 


Mode  of  Failure 


Inspection  ot  the  hut's  after  testing  indicated  t  h<it  failure  occur  red, 
depending  on  vv.tll  thickness,  either  hv  <  ompression-induced  shear  or  by 
buckling.  Molls  with  1  o-mch-thick  walls  imploded  when  tin*  coni  rete 

failed  in  the  compressive-sheer  mode.  Tire  resulting  sheer  pi. me  could  he 
easily  identibed  by  examining  the  specimens  .it ter  test  a  typical  ‘'.heat  plane 
i .  shovvn  in  F  iqure  b.  1  tie  sheer  pl.mes  were  or  ented  parallel  to  the  longitu¬ 
dinal  e.< is  i >!  the  cvlindi  r  ,jnd  tunned  an  angle  of  burn  .10  to  4U  degrees  witti 
a  tangent  to  the  exterior  .or  hue.  in  must  cases,  the  midlength  of  th*1  shear 
plane  was  between  lb  and  ?4  inches  *rorn  tt.e  edge  ot  ttie  c  ylinder  and  coin 
(  ided  with  the  center  <  d  the  implosion  tiuie  1  M i :>  failure  mode  is  representative 
of  mater ul  failure. 


PT.* 


& 


.  -  ;>  i 
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The  shear  planes  that  were  evident  in  the  thicker  hulls  were  completely 
absent  from  the  1/2-inch-thick  hulls.  These  hulls  shattered  into  many  pieces 
at  t ai lure  (Figure  7),  which  made  it  impossible  to  locate  the  initial  point  of 
failure.  The  mode  of  failure  for  these  thm  specimens  appeared  to  he  by 
buckling,  because  at  failure  the  maximum  wall  stresses  ranged  from  53  to 
62  percent  of  the  uniaxial  compressive  strength  of  the  concrete  (Tabic  4). 


Figure  7.  Fragments  of  specimen  1/2-10-G. 


Table  4  Implosion  Test  Results 


Sp<x.imcn 

Numbrr 


n  10  C, 

.'2  6  M 
/2-tVC. 


W.ill 

Thick 

(in.) 


Coinpri-ssivt 
SirciHilfi  u< 
Ci men'll'.^  f 
({>Ml 


Table  4.  Continued 


Specimen 

Numbi?f 

Well  ' 
Thickness'* 

(tii.) 

Cnmpfusslve 
Strength  o( 
Concrete/’  fj 
(psl) 

Implosion 
Presort, 
P|rti  *P»i) 

H 

Cumulated  Interior 
Hoop  Stress  at 
Implosion,  OHme* 
(pill 

^Hmux 

2-10-G 

9.840 

2.335 

•Sgl 

10,670 

1.08 

2-10-N 

9,950 

2,465 

11.220 

1.13 

2-0-N 

6.080 

1,387 

1,340 

1,04 

2-6-G 

6060 

1.447 

0,238 

6, ill  5 

1.09 

3  10G 

tO. 360 

3,755 

0.363 

12.316 

1.19 

3-10-M 

10,800 

4.107 

0.380 

13.470 

1.25 

3-6-N 

7,000 

2,405 

0.344 

7,890 

1.13 

3-6-G 

e.200 

1,980 

0.3)9 

6.495 

1.05 

“  Wall  thicknesses  of  1/2,1. 2,  and  3  Inches  correspond  to  t/D0  ratios  of  0.0312, 0.0826 ,  0.12130. 
and  0.1075,  respectively. 

^  Average  of  six  3  x  6-inch  control  cylinders  tested  In  uniaxial  compression  (see  the  Appendix). 


No  evidence  was  found  in  the  debris  from  the  tested  specimens  to 
indicate  the  presence  of  in-plane  cracking.  In-plarie  cracking  is  the  develop¬ 
ment  of  cracks  parallel  to  the  maximum  principal  stresses  (or  in-the-p!ane 
of  the  wall)  and  has  been  found  by  other  investigators  working  with  concrete 
spherical4  and  cylindrical6,11  hulls  under  biaxial  stresses. 

Implosion 

Implosion  performance  was  evaluated  by  comparing  values  for  the 
ratio  of  implosion  pressure  to  concrete  strength,  Pjm/f' ;  the  implosion  test 
results  are  presented  in  Table  4,  This  ratio  accounts  for  small  variations  in 
concrete  strength.  Figure  8  shows  the  best  fit  relationship  between  Pjm/f' 
and  v/Dc  for  the  test  results.  The  empirical  equation  which  defines  the  best 
fit  curve  is: 


p 

=  2.05  ^  -  G.028  (1) 

'c  t70 

for  0.0312  <  t/D0  <  0.1875.  Equation  I  can  be  used  to  oredict  the  implosion 
pressure  of  cylindrical  concrete  hulls  under  hydrostatic  loading. 

The  implosion  pressure  for  concrete  cylindrical  hulls  subjected  to 
hydrostatic  loading  can  be  estimated  by  classical  equations.  Lame's  equation 
can  be  used  to  estimate  the  implosion  pressure  of  cylindrical  hulls  which  fail 


10 


in  the  compressive  shear  mode,  if  failure  is  assumed  to  occur  when  the 
maximum  principal  stress  reaches  the  uniaxial  compressive  strength  of 
the  concrete.9  Lame's  equation  is 


P 


(2) 


where 


fO 


implosion  pressure  due  to  compressive  shear  failure  (psi) 
uniaxial  compressive  strength  of  concrete  (psi) 
exterior  radius  of  hull  (rn.) 
interior  radius  of  hull  (in.) 


The  implosion  pressure  of  cylindrical  concrete  hulls  of  finite  length  that  fail 
by  buckling  can  be  estimated  by  Bresse's  equation.10  The  equation  is: 


P 


cr 


3 


where  Pcr 

E, 


t 

D 


implosion  pressure  due  to  buckling  (psi) 
secant  modulus  of  elasticity  to  0.5  f'  (psi) 
Poisson's  ratio  at  0.5  f ' 
wall  thickness  of  the  huli  (in.) 
mean  hull  diameter  (in.) 


(3) 


A  graphical  presentation  of  Equations  2  and  3  is  also  given  in  Figure  8. 

Figure  8  shows  that  the  1/2-  and  1  inch-thick  hulls  (t/D0  =  0.03 1 2 
and  0.0625)  imploded  at  pressures  lower  than  those  predicted  by  Equation  2, 
while  the  2-and  3-inch-thick  hulls  (t/D0  -  0.1250 and  0.1875)  imploded  at 
pressures  higher  than  those  predicted  by  Equation  2.  For  the  thinner  hulls, 
structural  instability  kept  the  concrete  from  developing  its  full  compressive 
strength  before  buckling  or  premature  compressive  shear  failure  occurred. 

For  the  thicker  hulls,  the  concrete  in  the  walls  was  under  a  state  of  multi- 
axial  stress  which  permitted  the  concrete  to  resist  stresses  greater  than  the 
uniaxial  strength.  At  implosion,  the  2-  and  3-inch-thick  hulls  experienced 
stresses  that  exceeded  f'  by  4  to  25%  (Table  4). 
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Figure  8.  ComiMrison  of  implosion  test  results  with  elastic  thick  *•  *'  theory  and 
buckling  theory. 


Strain 


Figures  9  through  18  she  w  the  strain  and  radial  displacement  data 
for  the  instrumented  hulls.  These  data  helped  to  deline  the  influence  of  wall 
thickness,  concrete'strength,  and  end-closure  effects  ori  the  behavior  of  the 
hulls. 

Figures  9  through  12  show  the  exterior  hoop  strain  behavior  for 
specimens  of  each  wall  thickness.  These  figures  indicate  that  the  hulls  reacted 
to  increasing  hydrostatic  pressure  in  approximately  the  same  manner  regardless 
of  concrete  strength.  Within  one  outside  diameter  (16  inches)  from  the  edge 
of  the  cylinder,  large  variations  in  strain  magnitude  were  present;  these  varia¬ 
tions  in  strain  magnitude  increased  with  increased  pressure.  Beyond  16  inches 
the  strain  magnitudes  became  somewhat  uniform.  This  behavior  was  caused 
by  the  stiffness  mismatch  that  existed  between  the  stiff  hemispherical  end- 
closure  and  the  more  compliant  cylinder,  this  is  consistent  with  behavior 
observed  in  References  5  and  ?. 

The  hoop  strain  data  also  show  that  as  the  hulls  became  thicker, 
the  strain  magnitude  tended  to  become  greater  at  a  constant  percentage  ol 
P^  This  behavior  is  reasonable  because  the  concrete  in  the  thicker  walled 
hulls  is  subjected  to  higher  triaxial  loading  conditions  than  the  concrete  in 
the  thinner  walled  hulls.  Table  5  shows  that  at  0.95  Pirn,  the  theoretical 
radial  stress  component  on  a  midwall  element  increased  from  3  to  26%  of 
the  hoop  stress  component  and  from  6  to  41%  of  the  axial  stress  component 
when  the  wall  thickness  was  increased  from  1/2  to  3  inches.  1 1  is  known  that 
concrete  under  a  high  triaxial  loading  state  can  sustain  higher  stresses  arid 
strains  than  concrete  under  a  low  triaxial  (or  biaxial/uniaxial)  loading  stale. 


Table  5.  Theoretical  Midwall  Stresses  at  0.95  P,^ 


(All  stresses  are  compressive.) 


Wall  Thickness, 
t  (in.) 

Applied  External 
Pressure,  P  (psi) 

(Hadial  Stress, 
oft  tr>si) 

Hoop  Slruss, 
oh  (psi) 

«R 

CH 

or 

"A 

1/2 

345 

170 

5,460 

2,820 

0.03 

0.06 

1 

1.050 

580 

8,380 

4,480 

0.07 

0.13 

2 

2,280 

1,300 

9.020 

5,210 

0.15 

0.25 

3 

3.740 

2,520 

9.720 

6.130 

0.2G 

0.41 

a  was  363,  1 ,105,  2,400.  and  3.940  psi,  respectively,  for  tho  1/2-.  1-,  2-,  and  3-inch-thlck  hullr.. 


HoopStrain,  Hoop  Strain,  l^iniinj 


I 


Figure  9.  Exterior  hoop  strain  for  specimens  1/2-10G  and  1/2-6-G. 


Figure  10.  Exterior  hoop  strain  tor  specimens  1-10-G  and  1-6-G. 
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PrMSU'e  LBVfilB  (%  of  Pjml 

(s)  1/2  in.  from  edge  of  cylinder.  (b)  8  in.  from  edge  of  cylinder. 

O  «  0 

□  »  0  30 


Figure  15.  Radial  displacement  of  the  exterior  surface  of  specimen  1/2-10-G. 

The  change-in-volume  data  were  converted  to  average  exterior  hoop 
strain  by  the  thick  wall  theory.  These  calculated  average  values  for  hoop 
are  plo'M?d  in  F/gures  9  through  12  at  0.95  Pim  and  serve  as  a  check 
on  the  strain  gage  data. 

Figures  13  and  14  show  the  axial  strain  behavior  of  1/2-  and  2-inch- 
thick  cylinders,  respectively.  These  figures  are  typical  for  the  behavior  of  all 
the  instrumented  cylinders.  In  general,  the  axial  strain  at  8  inches  from  the 
edge  of  the  cylinder  was  the  same  as  that  near  the  cylinder's  midlength,  No 
distinct  trends  in  axial  strain  behavior  were  found  that  could  be  attributed 
to  variations  in  concrete  strength. 


Figure  16,  Radial  displacement  of  the  exterior  surface  of  specimen  1-10-G. 


Figures  15  through  18  show  the  radial  displacement*  of  the  exterior 
surface  for  the  cylindrical  hulls.  These  figures  reveoi  some  interesting  patterns 
of  behavior.  At  1/2  and  32  inches  from  the  edge  of  the  cylinder,  all  specimens 
remained  quite  circular  at.  all  levels  of  pressure.  At  8  and  16  inches  from  the 
edge,  the  1  •  and  3-inch-thick  specimens  showed  marked  deviations  from  axial 
symmetry  and  large  amounts  of  out-of-roundness  under  load.  The  probable 


cause 


v-m  v (  rvs  uqviduui  u  n  uni  a y  *  *  1 1 1  to  u  y  at  iu  iuuiiui'ujj  ■  o  i; 


pi  uov  ■  v  r 


initial  out-of-roundness  in  the  specimens  combined  with  the  influence  of 
the  stiffness  mismatch  between  the  hemispherical  end-closure  and  the  cylinder. 


*  Radial  disp'ucement  is  the  product  of  hoop  strain  and  radius  to  the  surface  of  interest. 
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(a)  1/2  in.  from  edge  of  cylinder. 


Praisura  Level*  (%  o(  P(m) 

O  -  0 

O  -  0.30 

£>  =  0.60 

V  »  0.95 


(b)  8  in.  from  edge  of  cylinder. 


Displacement  Scale.  1/8  In.  -lx  10'^  in.  4 


(c)  16  in.  from  edge  of  cylinder. 


(d)  32  in.  from  edge  of  cylinder. 


Figure  17.  Radial  displacement  of  the  exterior  surfrce  of  specimen  2-10-G. 


DESIGN  PROBLEM 


Design  a  cylindrical  concrete  hull  of  25-foot  inside  diameter, 

100-foot  length  (cylinder  portion  only}  and  100,000-pound  positive  buoyancy 
for  long-term  operation  at  a  depth  of  1,000  feet.  Assume  the  use  of  hemi¬ 
spherical  end-closures  of  the  same  wall  thickness  as  the  cylinder  and  concrete 
of  7,000-psi  uniaxial  compressive  strength. 


(a)  1/2  in.  from  edge  of  cylinder. 


»  0.30 
-  0.60 
-  0.9b 


(b)  8  in.  from  edge  of  cylinder. 


Displacement  Scale,  1/8  in.  »  1  x  10''2  in. 


(c)  16  in.  from  edge  of  cylinder 


(d)  32  in.  from  edge  of  cylinder. 


Figuro  18.  Radial  displacement  of  the  exterior  surface  of  specimen  3-10-G. 


Because  a  buoyancy  requirement  is  part  of  the  example  problem, 
the  first  step  is  to  determine  cylinder  wall  thickness  based  on  buoyancy. 


(a)  Displacement  of  hull  -  64^~  D„ 


100  7T 


,  ,  r  .  Implosion  Depth 

(c  Safety  Factor  =  7--——-. — ----- 
Operating  Depth 


3,130/1,000 

3,13 


Since  the  safety  factor  is  greater  than  3.0,  the  wall  thickness  derived 
through  buoyancy  considerations  is,  therefore,  satisfactory.  If  the  safety 
factor  had  turned  out  to  he  less  than  3.0,  then  a  concrete  mix  with  a  com¬ 
pressive  strength  greater  than  the  specified  7,000  psi  would  have  been  required. 

If  the  structure's  buoyancy  is  not  of  major  concern,  figure  19  can  bo 
used  to  quickly  determine  the  cylinder  wall  thickness  needed  for  a  given  deplh 
and  factor  of  safety.  To  solve  the  example  problem  using  Figure  19  as  the 
design  guide,  the  following  steps  are  required. 


la)  Convert  operating  depth  to  pressure  in  psi: 


Pressure,  P  =  1 ,000  ft  x  0.446  =  446  psi 


(b)  Calculate  P/f; : 


P/f’ 


446 


1,000 


=  0.064 


(c)  Enter  Figure  19  at  P/f^  ~  0.004  and  reap  across  until  the  3.0 
factor  of  safety  curve  is  intersected.  Read  out  t/D0  -  0.108 


Id)  Since  t  =  (0o  -  D,)/2,  t  -  0.108  D0,  and  D,  -  25.00  ft,  then 


D0  =  31,89  fi 


t  =  3.44  ft 


Note  that  the  wall  thickness  obtained  using  Figure  19  is  slightly  less 
than  that  obtained  using  Equation  3  and  buoyancy  considerations.  This  is 
because  deplh  controlled  the  design  of  Fiyuie  19;  the  result  is  a  structure 
that  has  approximately  150,000  pounds  more  buoyancy  than  the  100,000 
pounds  specified  in  the  example  problem. 

The  linal  design  of  cylindrical  concrete  hulls  for  use  in  the  ocean 
would  have  lu  include  steel  reinforcement  to  icsist  handling  loads;  such 
design  measures  can  be  accomplished  with  conventional  reinforced/prestressed 
desian  techniques  and  are  not  included  herein. 


Applied  Pressure/Concrete  Strength.  P.'t 


Figure  19.  Design  guideline  for  cylindrical  concrete  hulls  with  hemispherical 
end-closures  (based  on  Equation  1). 


FINDINGS 

1 .  The  implosion  pressures  for  the  conciete  cylindrical  hulls  showed  a  direct 
relationship  to  increases  in  concrete  strength  from  6,000  to  10,000  psi  and 
to  increases  in  the  ratio  of  wall  thickness  to  outside  diameter  for  values  from 
00312  to  0.1875.  A  linear  empirical  equation.  Equation  1,  was  developed 
to  predicl  the  implosion  pressures. 

2.  Implosion  pressures  ranged  from  208  psi  for  the  1/2-inch-thick  hulls  of 
6,000-psi  concrete  strength  to  3,930  psi  for  the  3-inch-thick  hulls  ol  10,090- 
psi  concrete  strength. 

3.  Two  modes  of  failure  for  the  hulls  were  observed:  the  1/2-inch-thick 
hulls  (t/0o  -0.0312)  tailed  by  buckling,  while  the  1-  2-,  and  3-inch-thick 
hulls  U/D0  -  0.0625,  0.1250,  and  0.1875)  failed  by  compression  shear  type 
material  failure. 

4.  Strain  data  showed  that  end-closure  el  lects  were  minimal  beyond  one 
outside  diameter  from  the  end-closure-to-cyl:nder  joint. 
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CONCLUSIONS 


This  study  on  the  influence  of  concrete  strength  and  wall  thickness 
and  previous  studies  on  the  influence  of  cylinder  length  and  end-closure 
stiffness  have  demonstrated  that  concrete  is  a  predictable  material  for 
pressure-resistant  cylindrical  structures.  It  is  estimated  that  buoyant, 
cylindrical  concrete  structures  will  have  applications  to  the  ocean  depth 
of  1,500  feet. 


RECOMMENDATIONS 

1.  It  is  recommended  that  Equation  1  or  Figure  19  be  used  as  a  guideline 
for  the  design  of  cylindrical  concrete  hulls  for  use  under  the  sea. 


P.n;  =  f;(2.05  --  -  0.028) 


(1) 


where  Plm  =  implosion  pressure  (psi) 


f^  =  uniaxial  compressive  strength  of  concrete  (psi) 


t  -  wall  thickness  (ft) 

D0  =  outside  dif meter  (ft) 


2.  It  is  recommended  that  the  region  between  the  erid-closure-to-cylinder 
joint  and  one  outside  diameter  from  the  joint  not  be  used  for  penetrations  in 
concrete  cylindrical  hulls  if  alternate  locations  are  available.  I  f  this  location 
is  used  for  a  penetration,  then  an  appropriate  increase  in  the  factor  of  safety 
is  recommended. * 
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*  The  ef foci  of  penetrations  in  cylindi .  i!  hulls  is  under  study. 
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Appendix 


CONTROL  CYLINDER  DATA 


The  test  results  from  the  3  x  6-inch  control  cylinders  for  the  cylindrical 
hulls  are  presented  in  Table  A-1 .  The  nominal  10,000-psi  concrete  strength 
mix  produced  average  values  for  f^,  Et,  and  v  of  10,460  psi,  3.56  x  106  psi, 
and  0.19,  respectively;  the  nominal  6,000-psi  concrete  strength  mix  produced 
average  values  of  6,130  psi,  2.68  x  10s  psi,  and  0.16,  respectively,  for  the 
same  three  parameters.  All  hemispherical  end-closures  were  made  from  a 
high-strength  mix  which  had  average  values  of  8,840  psi,  3.18  x  106  psi,  and 
0.17,  respectively. 


Table  A-1.  Test  Results  for  3  x  6-lnc.h  Control  Cylinders 


Specimen 

Designation 

Compressive  Strength  of 
Concrete,  t£  (psil 

Secant  Modulus  of 
lflosilclty,a  (psi  x  10^) 

PoiSROr.'s 
Ratio,*1  v 

Ago  at 

Tost  (days) 

1/2-10-N 

10.700 

3.47 

0.18 

101 

1/2- ’O-G 

10500 

3.85 

0.18 

124 

1/2-6-N 

5.420 

2.58 

0.18 

16 

1/2-6-G 

6.760 

2.29 

0.16 

32 

MON 

10.700 

3.72 

0.20 

117 

1-10-G 

10.480 

3.55 

0.20 

118 

1-6-G 

6.620 

2.67 

0.16 

23 

1-6-N 

5520 

2.70 

0.17 

27 

2-10-G 

9640 

3.58 

0.18 

118 

2-10-N 

9,950 

3.36 

0  *9 

124 

2-6-N 

6,080 

2.91 

0.15 

23 

2-6-G 

6,060 

2.67 

0.1 2 

24 

3-10-G 

10,350 

3.59 

0.22 

1 19 

3-t0-N 

10,800 

3.40 

0.14 

119 

3-6-N 

7,000 

2,80 

0.15 

27 

3-6-0 

6,200 

2,66 

0.21 
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LIST  OF  SYMBOLS 


D  Mean  cylinder  diameter  (in.) 

Dj  Inside  diameter  of  cylinder  (in.) 

D0  Outside  diameter  of  cylinder  ( in.) 

Secant  modulus  for  the  concrete  to  0.5  f  j  (psi) 
t'c  Uniaxial  compressive  concrete  strength  (psi) 

L  Length  of  cylinder  (in.) 

P  Appliod  pressure 

Pcr  Implosion  pressure  due  to  buckling  failure  (psi) 

P(m  I  mplosion  pressure  duo  to  compressive  shear 

failure  (psi) 

r(  Interior  radius  of  cylinder  (in.) 

r0  Exterior  radius  of  cylinder  (in.) 

t  Thickness  of  cylinder  wall  (in.) 

eA  Axial  strain  (in./in.) 

eH  Hoop  strain  (in./in.) 

v  Poisson's  ratio 

oA  Axial  stress  (psi) 

oH  Hoop  stress  (psi) 

°Hm«x  ,ntQrior  ho°P  stnss  at  'mplosion 
oB  Radial  stress  (psi) 
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